Abstract: A simple analytical method for the determination of p-nitrobenzene-azo-naphthol was proposed by a sequential perturbation with different amounts of p-nitrobenzene-azonaphthol on an oscillating chemical system. The method involves a Cu(II)-catalysed oscillating reaction between hydrogen peroxide and sodium thiocyanate in alkaline medium with the aid of continuous-flow stirred tank reactor (CSTR). A good linear relationship between the changes, oscillation amplitude or/and period, and the concentration of p-nitrobenzene-azo-naphthol was obtained. The use of analyte pulse perturbation technique provides a possibility of sequential determination in a same oscillating system, due to a new steady state that reappeared rapidly after each perturbation. The calibration curve fits a linear equation very well when the concentration of p-nitrobenzene-azo-naphthol ranging from 5.2×10 −7 to 3.3×10 −3 M. Influence of temperature, injection point, flow rate and reactants variables on this system were investigated in detail.
Introduction
Oscillating chemical reactions are far-from-equilibrium dynamic systems that have been widely studied by theoretical chemists for a long time. The first paper concerning a regular oscillating reaction for the determination of ruthenium was authored by Tikhonova et al [1] in 1978. It discussed how the frequency of oscillation was affected by the concentration of both Ru(III) and Ru(IV). Since then, some analysts started to move their focus on the analytical potential of oscillating chemical reactions. Professor Dolores Perez-Bendito [2] has reviewed the progress of oscillating chemical reactions in analytical chemistry up until 1998. In this critical review, the basic principle of oscillating reactions, three kinds of oscillating systems, the analyte pulse perturbation technique (APP), the continuously stirred tank reactor (CSTR), as well as the analytical applications were discussed in detail. Taylor [3] reported the mechanism and phenomenology of an oscillating chemical reaction, especially, concerning the BZ oscillating chemical reaction. Recently, a minireview [4] also summarized the analytical application over the period from 1999 to 2004. Most of papers reviewed are based on the BZ oscillating chemical reaction and coppercatalyzed system in the determination of organic compounds and inorganic substances or ions. For example, these method have been successfully used to determinate caffeine [5] , glutamic acid [6] , ascorbic acid [7] , hydroquinone [8] , hexacyanoferrates [9] , gallic acid and resorcinol [10, 11] , vanillin and paracetamol [12] , vitamin B6 [13] , uric acid [14] , and so on. Many papers have shown that oscillating chemical reactions can be used for the determination of low concentrations of chemical compounds in solutions as a new analytical technique, just like the common chemical kinetic method.
In this paper we report an analytical method using the analyte pulse perturbation technique to determine the p-nitrobenzene-azo-naphthol, based on the copper(II)-catalyzed oscillating reaction between hydrogen peroxide and sodium thiocyanate in an alkaline medium with the aid of a CSTR. The analyte pulse perturbation technique was used to obtain quantitatively analytical information. Injecting a desired amount of pnitrobenzene-azo-naphthol into the oscillating system will be able to change the oscillation amplitude and period that are proportional to the concentration of p-nitrobenzene-azonaphthol. Because the regularly steady state of oscillating system can be regained easily after each perturbation, the sequential injecting can be performed.
Experimental

Reagents
All chemicals used were of analytical-reagent grade and doubly distilled, deionized water was used throughout. 0.5 M H 2 O 2 was made daily and standardized with KMnO 4 solution just prior to use. The stock solution was kept in a black polyethylene bottle to avoid decomposition. The solution of NaOH was checked by the acid-base titration method. 2×10 −4 M copper sulfate pentahydrate stock solution was added with a little H 2 SO 4 to avoidprecipitated. Solutions with lower concentration of p-nitrobenzene-azo-naphthol were obtained freshly just prior to use.
Apparatus
The instrumental set-up used was depicted in Figure 1 . The oscillating assembly comprised a 30 ml glass reaction vessel (CSTR) fitted with a capacity wrapped in a water recirculation jacket. A Model 501 thermostat (Shanghai Experimental Instrumental Factory) with an accuracy ±0.1
• C and a Model ML-902 magnetic stirrer (Shanghai Pujiang Analytical Instrumental Factory) were used to maintain the temperature of the reaction solution. Reactants were added to the CSTR and products withdrawn from it by using a Model DDB-600 6-channel peristaltic pump (Zhejiang Xiaoshang Haitian Instrumental Factory, China). Three of the channels were used to deliver the reactants and the rest were used to remove the waste and keep the volume of reaction mixture in the CSTR constant. The oscillation was monitored by means of two Pt electrodes (Rex, 213, China) and an Hg/Hg 2 SO 4 /K 2 SO 4 reference electrode (Rex, 217, China), which were directly connected to an Electrochemical Instrument (Shanghai Chenhua, Model CHI 832) equipped with a computer (LEGEND 586). Signals were recorded as a function of time at intervals of 0.1 s. A micro-injector was used to inject sample solution.
Procedure
The glass CSTR was thermostated at 30±0.1
• C. The three inflowing channels of the peristaltic pump were started at an overall reactant feeding flow rate of 1.5 ml min −1 (i.e., 0.5 ml min −1 through each reactant channel). Reactant solutions were prepared in such a way that the stream fed to the CSTR contained 0.5 M hydrogen peroxide, 5×10 −2 M sodium thiocyanate, 5×10 −2 M sodium hydroxide, 0.2 M sodium chloride and 2.5×10 −4 M Cu(II) to the final volume of 30 ml. The three outlet channels of peristaltic pump were started next and the mixture was homogenized by continuous magnetic stirring. The indicator and reference electrodes were immersed in the reaction mixture solution and the data acquired by computer were recorded. The system evolved to steady oscillating conditions where the oscillation amplitude and period remained virtually constant. After attaining the steady state, the system was perturbed by injecting samples containing variable amounts of p-nitrobenzene-azo-naphthol. Changes in the oscillation amplitude and period were recorded and used to construct the calibration plot. After the responses were recorded, the flow rate was raised to 20 ml min −1 for 2 min to flush most reaction products out of the system to be sure that the original steady state re-appears for the next determination.
Results and discussion
The Cu(II)-catalysed oxidation of SCN − ion by H 2 O 2 in a strongly alkaline medium, involves successive oscillations in the concentrations of the oxidized and reduced forms of metal ion. The formation and subsequent disappearance of a yellow superoxidecopper(I) complex (HO 2 -Cu(I)) imply that this process was governed by two species, (HO 2 -Cu(OH)
2 ) ) [15] . Adding a trace amount of p-nitrobenzeneazo-naphthol can cause a large change in the oscillation amplitude and period, indicating the original steady state was perturbed. However, it was observed with interest that a new steady state was regained rapidly after the perturbation ceases. Moreover, these changes mentioned above are exactly proportional to the concentration of p-nitrobenzeneazo-naphthol added. Figure 2 shows how a regular oscillation profiles was perturbed by p-nitrobenzene-azonaphthol and then reproduced. That is, the potential initially decreased to a minimum (Zone A) and then increased gradually to the starting value (Zone B), after which a new cycle was started. Before the determination, each injection points must be checked to ensure the accuracy and reproducibility. To obtain good results, the sample should be injected at the minimum potential (injection point C) of a cycle, at which point the response will maximized (just showing as zone D). The system was then restored gradually to a new steady state similar to the original. Another sample was then determined. Generally, such changes can be recorded by the amplitude and/or period.
Influence of experimental variables
To gain the maximum possible sensitivity and precision in the determination, as well as the ability to perform large series of analyses, working conditions were optimized with three criteria in mind, namely: (a) accomplishing the maximum oscillation amplitude needed to ensure highest sensitivity for the determination of p-nitrobenzene-azonaphthol; (b) obtaining oscillation period needed to accurately determined the effect of the p-nitrobenzene-azo-naphthol perturbation ; and (c) ensuring the maximum stability in the oscillating system over time -essential requirement to obtain reproducible results. The influence of selected experimental variables was also studied in the presence and absence of p-nitrobenzene-azo-naphthol using the change of amplitude and period obtained under both types of conditions as the measured parameter.
The effect of the hydrogen peroxide concentration was studied over the range from 0.1 to 0.7 M. Low concentrations of hydrogen peroxide were observed to prolong the induction period and adversely affect the oscillating system. With the increase of hydrogen peroxide concentration, both the oscillation amplitude and period were decreased, and the induction period was shortened. When the hydrogen peroxide concentration was more than 0.55 M, the oscillation profiles drifted up significantly. The perturbation with p-nitrobenzene-azo-naphthol gave a response that fitted a curve such as that of Figure  3A , showing that the curve fell as the hydrogen peroxide concentration was increased. A concentration of 0.5 M was finally selected as the optimal.
The sodium hydroxide concentration in the CSTR was changed between 2.5 ×10 −2 and 7×10 −2 M. As the concentration was increased, both the oscillation amplitude and period increased. The response tothe p-nitrobenzene-azo-naphthol perturbation, increased with increasing in the sodium hydroxide concentration ( Figure 3B) . A concentration of 5×10 −2 M was finally chosen as a compromise between maximum sensitivity (amplitude) and minimum analysis time (period of the oscillating system).
The influence of the sodium thiocyanate concentration was investigated over the range from 2×10 −2 to 7×10 −2 M. The effect of sodium thiocyanate concentration in the presence of p-nitrobenzene-azo-naphthol is illustrated in Figure 3C . Concentrations less than 5×10 −2 M can result in a marked drift up in the oscillation profile. Both the oscillation amplitude and period increased slightly with increases in sodium thiocyanate concentration. Thus, a concentration of 5×10 −2 M was chosen to maximize the system response by the perturbation ofp-nitrobenzene-azo-naphthol.
The change of the Cu(II) concentration from 0.75×10 −4 to 3.5×10 −4 M had a significant effect on the behavior of oscillating system, especially, on the period. The oscillation 
amplitude was found to decrease with increasing copper(II) concentration without significantly altering the oscillation period. As can be seen in Figure 3D , the effect of p-nitrobenzene-azo-naphthol perturbation was roughly similar at every Cu(II) concentration tested. A 2×10 −4 M Cu(II) concentration was selected as the optimal since it caused the system to oscillate highly uniformly prior to the perturbation and responded quite predictably to it.
We also examined the effect of ionic strength or salt concentration. Sodium chloride concentration up to 0.2 M, increased the response to the p-nitrobenzene-azo-naphthol perturbation and scarcely affected the oscillation period or amplitude. However, an increase in the sodium chloride concentration was found to inhibit the passivation of the Pt electrode by precipitating copper hydroxide at the higher pH range. Consequently, all solutions used were made in 0.2 M sodium chloride to exploit all the above-mentioned advantages.
The temperature also plays an important part to the oscillating system. Changing temperature from 20 to 40
• C, the oscillation period dramatically decreased while the oscillation amplitude remained virtually constant. Thus, the system responsed to the p-nitrobenzene-azo-naphthol perturbation was not affected by temperature changes. A temperature of 30
• was therefore chosen as the optimal. Finally, the influence of flow rate delivered by the peristaltic pump was also studied. An increase in the flow rate caused a decrease in the oscillation period of the system and vice versa, while the oscillation amplitude remains partically constant. An oscillation flow rate of 1.5 ml min −1 was adopted to perform injections and record responses.
Application to the determination of p-nitrobenzene-azo-naphthol
By adding a trace amount of sample containing p-nitrobenzene-azo-naphthol to perturb ab oscillating system, changes in the oscillation amplitude and period are quantitatively related to the analyte concentration in the injected sample. Under the optimal conditions mentioned above, the response to the perturbation can be evaluated using the oscillation amplitude and period. A plot of these measured parameters against the p-nitrobenzeneazo-naphthol concentration over the range from 5.2×10 
Where ∆T(∆T=T 2 -T 1 , i.e., T 2 and T 1 are the amplitudes before and after the injection respectively) stands for the change in period and ∆A(∆A=A 2 -A 1 , i.e., A 2 and A 1 are the amplitudes before and after the injection respectively) the change in amplitude. The commonly inorganic ions and organic compounds do not interference the determination of p-nitrobenzene-azo-naphthol. 
